The formation of DNA-strand breaks was studied in cultured human lung cells (A 549) subjected to iron, either in the form of iron(lll) citrate or in combination with the metal chelators ethylene diamine tetra-acetic acid (EDTA), nitrilo triacetic acid (NTA), or 8-hydroxyquinoline (8HQ). After 15 min exposure to 5 (iM iron(III) citrate or iron chelate, the cellular levels of iron were found to be three times higher in cells subjected to iron-8HQ than in cells subjected to iron(III) citrate, iron-EDTA or iron-NTA. Exposure to iron-8HQ caused extensive DNA-strand breakage, whereas no such breakage was found in cells exposed to iron-EDTA or iron-NTA. The DNA damage caused by iron-8HQ increased with time and dose, and DNA-strand breakage was clearly demonstrable in cells after 15 min exposure to as little as 0.1 pM iron-8HQ. Moreover, iron-8HQ was strongly toxic to the cells and inhibited their growth after exposure. Along with the formation of DNAstrand breaks, the concentration of cellular malondialdehyde increased four-fold after exposure to iron-8HQ and two-fold after exposure to iron-EDTA or iron-NTA, suggesting that reactive oxygen metabolites might be involved in the toxic action. Moreover, both iron-EDTA and iron-NTA caused a considerable hydroxylation of deoxyguanosine (dG) residues in DNA in vitro, whereas iron(IH) citrate and iron-8HQ only caused a minor hydroxylation of dG. This points to the possibility that iron-8HQ-mediated DNA-strand breakage in cells might be due to the action of a metal-bound oxyl radical formed from the iron-8HQ complex rather than to the formation of hydroxyl radicals. Altogether, these findings indicate that iron bound to the lipophilic chelator, 8HQ, has strong toxic properties and that it may cause substantial DNAstrand breakage and lipid peroxidation in living cells.
Introduction
Iron is needed for normal cellular function and plays a critical role in many physiological processes, serving as the prosthetic group in cytochromes, oxidases, catalase, ribonucleotide reductase etc. On the other hand, iron is known to catalyse the formation of reactive oxygen metabolites (ROM*) which are able to damage DNA, lipids and proteins, and therefore are considered important in the etiology of a number of diseases including cancer (1,2). Accordingly, iron has been proposed •Abbreviations: EDTA, ethylene diamine tetra-acetic acid; NTA, nitrilo triacetic acid; 8HQ, 8-hydroxyquinoline; ROM, reactive oxygen metabolites; dG, deoxyguanosine; 8OHdG, 8-hydroxydeoxyguanosine; PBS I, phosphate buffered saline.
as a risk factor for cancer because of its ability to act both as a catalyst (increasing ROM formation) and as a nutrient (increasing the growth of cancer cells) (3) . An excess of dietary iron has been found to increase the growth of colon cancer cells in rats (4) and to enhance lung tumorigenesis in 4-nitroquinoline 1-oxide treated mice (5) . It has also been shown that intraperitoneal injections of ferric saccharate increase the risk for mesotheliomas in rats (6) , and that deficiency of dietary iron inhibits the formation of putative preneoplastic foci (7) , reduces lipid peroxidation and formation of hydroxylated DNA-adducts in livers of rats (8) . Moreover, iron has been found to cause DNA-strand breaks (9) and DNAbase modifications (10) in cultured mammalian cells, gene mutations in single stranded M13mp2 DNA (11) and tandem double CC->TT mutations in transfected Escherichia coli (12) . In addition, an increased formation of DNA-strand breaks was recently demonstrated in cultured lung cells treated with ironcontaining cigarette tar, after exposure to phorbol myristate acetate-activated human neutrophils (13) .
Most of the iron in the body is bound to proteins in such a way that it cannot promote lipid peroxidation or ROMformation (1). However, superoxide anions released from inflammatory cells or during ischaemia-reperfusion can liberate iron from ferritin or transferrin, leading to an increased concentration of free iron that may augment the peroxidation of lipids (14, 15) . Free iron per se is a poor catalyst of ROM formation, but this can be promoted if iron binds to a lowmolecular-weight chelator such as EDTA. For instance, iron-EDTA can increase the extracellular dissociation of hydrogen peroxide to hydroxyl radicals by up to 1000 times (16) . Yet, iron bound to hydrophilic chelators like EDTA can not pass freely through an intact plasma membrane and will therefore not reach and damage targets inside cells. A chelator that also increases iron-catalysed formation of hydroxyl radicals is nitrilo triacetic acid (NTA) which has been extensively used as a substitute for phosphates in detergents (17) . The iron-NTA complex is more lipophilic than iron-EDTA and can therefore pass more easily through membranes. Iron-NTA has been shown to increase the formation of oxidized DNA bases (8-hydroxy deoxyguanosine) in rat kidney cells (18) and to induce renal cell carcinoma in rats (19) .
Another lipophilic metal chelator is 8-hydroxyquinoline (8HQ), which has been used as a disinfectant and for the preparation of a number of derivatives used in industry. Its copper chelate has been used as a fungicide in agriculture and for the preservation of textiles, paint, wood and paper (20) . The lipophilic iron-8HQ complex has been demonstrated to enter cultured mammalian epithelial cells by diffusion and to be widely distributed within the cells (21) . Furthermore, iron-8HQ has been found to increase the toxicity of cultured cells exposed to hydrogen peroxide (22) , stimulated neutrophils or menadione (23) . The precise mechanisms behind the toxic action of iron-8HQ are not known. In the present study, the formation of lipid peroxidation products and DNA-strand breaks was studied in cultured human lung cells subjected to iron-8HQ and, for comparison, iron-NTA and iron-EDTA. The formation of DNA-strand breaks was determined with a modified version of the microfilter assay (24) using nonlabeled cells and the fluorescent DNA-binding fluorocrome Hoechst 33258. The results show that iron bound to the lipophilic chelator 8HQ is very toxic and that it causes substantial lipid peroxidation and DNA-strand breakage in cultured human lung cells.
Materials and methods

Chemicals
Ferric ammonium citrate (F-5879), copper(II) chloride (C-6917), nitrilo tnacetic acid (NTA*, N-9877), the lipophilic calcium chelator BAPTA (A-4926), xanthine (X-0626), xanthine oxidase (X-4875), nuclease P, (N-8630) and alkaline phosphatase (P-4252) were all from Sigma Chemical Co., St Louis, MO, USA. 8-Hydroxyquinoline (8HQ) was from Merck, Darmstadt, Germany^ while bisbenzimide (Hoechst 33258, research grade) and EDTA (Idranal^II) were from Riedel-de Haen, Seelze, Germany. Deoxyguanosine (dG, research grade) was from Serva Feinbiochemica, Heidelberg, Germany, and 8-hydroxydeoxyguanosine (8OHdG) was synthesized according to the method of Kasai and Nishimura (25) 
Preparation of iron(III) citrate and iron chelate solutions
Iron(m) was prepared from ferric ammonium citrate as a 50 mM solution in distilled water. 8HQ was prepared as a 50 mM solution in 95% ethanol and NTA and EDTA as 10 mM solutions in water. Before each experiment, freshly prepared solutions of iron(M) citrate and chelates were diluted to 100 |lM in PBS II. These solutions were then diluted further with PBS II to final concentrations of 2, 5 or 20 |iM. The reason for choosing ferric ammonium citrate as a source of iron was that it has less tendency to form insoluble iron hydroxides than other iron salts. The amount of iron in cells exposed to lron-8HQ was found to decrease with increasing iron:8HQ ratio; an ironxhelator ratio of 1:1 was used in all experiments. All exposures were made in PBS II.
Incubations
Before each experiment the cells were trypsinized, washed and diluted to a stock solution of 10 7 cells/ml in PBS I. Reactions were carried out in Eppendorf tubes and aliquots of cells (5X10 3 ) were incubated with 2-20 nM iron(TII) citrate, chelator alone, or iron-chelator complex in a final volume of 500 UM PBS II at 37°C on a slow rotator. After 5-30 min each mixture was centrifuged (320 g) and washed three times with 500 nl PBS II and then analysed. For the analysis of malondialdehyde and thiols the cells (1X10 3 ) were plated into 16 mm wells (24-well plates) and allowed to grow until each well contained around 2X10 5 cells. They were then washed and subjected to 5 \iM iron(III) citrate, chelator or iron/chelator complex in PBS II at 37°C for 15 min.
DNA-strand breaks
Formation of DNA-strand breaks was determined with a modified version of the microfilter assay (24) . In the original version, radiolabelled cells were used and the cells were lysed with an alkaline lysis solution containing sodium dodecyl sulfate (SDS). In the present study we used unlabelled cells and an alkaline lysis solution (without SDS) which contained the fluorescent DNAbinding fluorochrome, Hoechst 33258. After exposure, the cell suspensions were mixed vigorously with a pipette. An aliquot (100 uJ) of the cell suspension (10 5 cells) was then transferred to 0.8 Jim cellulose acetate filters (Micro Filtration System, Dublin, CA, USA) mounted in MF-1 microfilter devices (Bioanalytical Systems Inc., West Lafayette, IN, USA). The microfilter devices were placed in 10 ml conical centrifuge tubes and centrifuged at 200 g for 3 min. Thereafter, 250 |il cold PBS I were added to each filter and the filters again centrifuged at 200 g for 3 min. The microfilters were then transferred from the centrifuge to the laboratory bench, where the filtrate from the washing procedure was discarded with a pipette tip coupled to an aspirator. The samples were again placed in the centrifuge and 120 uJ alkaline lysis solution (2 M NaCI, 10 mM Tris, 1 mM EDTA, 30 mM NaOH and 5 (ig/ml Hoechst 33258, pH 12.1) were added to each filter. After 5 min the samples 546 were centrifuged (200 g, 3 min). To avoid unspecific formation of DNAstrand breaks the samples were handled very carefully after the alkaline lysis solution had been added and for the same reason it was also important to use a well-balanced centrifuge. The samples were again transferred to the laboratory bench and 100 u.1 of each filtrate were collected and transferred to new tubes and mixed with 400 nl 2 M NaCI, 10 mM Tris, and 1 mM EDTA with 7.5 mM HC1. The amount of DNA in each filtrate was then analysed with a fluorescence spectrofluorometer, using excitation and emission wavelengths of 350 nm and 460 nm, respectively. The DNA that passed the filter and could be detected in the filtrate, divided by the total amount of DNA that could be detected in each sample, multiplied by 100 (% DNA in filtrate), was used as an index for the formation of DNA-strand breaks.
Malondialdehyde
The samples were washed twice with 1 ml PBS I before addition of 100 ul 20% trichloroacetic acid. The plate was agitated for 5 min and 200 Ul 0.67% (w/v) thiobarbituric acid were added. The plate was then covered with aluminium foil and placed in an incubator at 95°C. After 40 min, the plate was chilled and the medium in each well carefully pipetted into HPLC vials The malondialdehydeAhiobarbituric acid-complex was analysed with HPLC and UV-detection (532 nm). Thirty ul samples were injected and separated on an Apex octadecylC|g column (3 ujn, 150X4.8 mm, Jones Chromatography, Mid Glamorgan, UK). The mobile phase consisted of 37.5% (v/v) methanol and 62.5% (v/v) 50 mM potassium phosphate buffer, pH 6.8, and the flow rate was 0.8 ml/min. Standard curves of malondialdehyde were made from 1,1,3,3-tetra ethoxy propane.
Thiol assay
Cells were seeded, exposed and handled in 24-well plates in the same way as above. After exposure the cells were washed before addition of 300 |il 6.5% trichloroacetic acid. Cells were disrupted with a sonicator and the solution transferred to Eppendorf tubes and centrifuged at 14 000 g for 3 min. Aliquots (250 ul) of the supernatant were then transferred to small test tubes and analysed for total thiol content according to Saville (26) .
Determination of intracellular iron
The cells ( 10 5 ) were centrifuged at 14 000 g and resuspended in 500 u.1 distilled water. The cells were then homogenized with a pipette, sonicated for 2 s (20 000 Hz with a Soniprep 150 Ultrasonic Disintegrator, Fisons Scientific, Leicester, UK), and analysed for iron with a Hitachi Z-8270 Polarized Zeeman Atomic Absorption Spectrophotometer, Hitachi, Japan.
Inhibition of cell growth
The cells were incubated in sterile Eppendorf tubes. After 5, 15 or 30 min the cells were mixed carefully with a sterile pipette and 200 |il samples of the solutions were transferred to new sterile Eppendorf tubes and centrifuged at 320 g for 5 min. The supernatant was then carefully pipetted off and the cells resuspended in 200 u.1 fresh complete cell culture medium. Aliquots of 50 u.1 were then transferred into wells (24-well tissue culture plates. Falcon, Becton Dickinson Labware, Lincon Park, New Jersey) with 1 ml cell culture medium. After 48-60 h growth in a CO 2 -incubator, the cells were washed with 1 ml PBS I and then lysed with 300 uJ 2 M NaCI, 10 mM Tris, 1 mM EDTA and 50 mM NaOH supplemented with 5 ng/ml of the DNA-binding fluorochrome Hoechst 33258. After 5 min on a shaking table each well was sonicated for 2 s before addition of 300 ul 2 M NaCI, 10 mM Tris, 1 mM EDTA and 50 mM HCI. The DNA content in the samples was then analysed in a fluorescence spectrophotometer with excitation and emission wavelengths of 350 nm and 460 nm, respectively. The amount of DNA corresponded with the cell number and was used to calculate per cent inhibition of cell growth according to the formula 100 -[(DNA in exposed sampleX100)/DNA in unexposed samples].
Analysis of 80HdG in DNA
The ability to catalyse the dissociation of hydrogen peroxide to hydroxyl radicals (which are able to react with and modify dG residues in DNA to 8-OHdG) was determined in the following way. The reaction mixtures consisted of 250 ng calf thymus DNA, 100 |iM xanthine, 5X10" 4 Sigma units xanthine oxidase, and 20 uJvl iron, chelator or iron-chelator complex in a final volume of 500 |il PBS II. Mixtures were incubated on a slow rotator at 37°C. After 60 min incubation the samples were chilled and 60 fj. 1 3 M sodium acetate, pH 5.2, were added. The DNA was then precipitated by addition of two volumes ice-cold 70% ethanol, centrifuged, washed two times with 95% ethanol, dried and resuspended in 25 uJ 100 mM sodium acetate (pH 4.7). To digest the DNA, 1 Sigma unit nuclease Pj was added and the samples incubated for 30 min at 37°C. The pH was then raised to 7.5 by addition of 1 M Tris-HCl (pH 8.0) and 1 Sigma unit alkaline phosphatase was added. After incubation at 37°C for 1 h, the resulting nucleoside mixture was analysed for 8OHdG by HPLC and electrochemical detection as previously described (27) . 
Results
Intracellular iron level
The iron levels in cells exposed to different iron chelates are shown in Table I . The highest iron level was found in cells exposed to iron-8HQ where it was about six times higher than in untreated controls. In cells exposed to iron(HT) citrate, iron-EDTA or iron-NTA, there was approximately two times more iron than in untreated control cells.
DNA damage
The formation of DNA-strand breaks in cells exposed to iron, chelators, or iron in combination with chelators for 15 min is shown in Table I . Neither iron(m) citrate alone, chelators alone, iron-EDTA or iron-NTA was found to induce DNAstrand breaks. By contrast, a substantial formation of DNAstrand breaks was found in cells after exposure to the iron-8HQ complex, in which the fraction of DNA which was able to pass the filter increased from 27.3 ± 0.5% to 39.1 ±4.1% (P < 0.05). The same extent of DNA damage was also found in cells exposed to iron-8HQ in a calcium-free medium or in cells that had been pretreated with the lipophilic calcium chelator, BAPTA, before exposure to iron-8HQ (data not shown). Table II demonstrates the DNA-breakage in cells exposed to different iron complexes during the longer time of 90 min, but also in this case iron-8HQ was the only complex which caused increased DNA-breakage. Figure 1 shows the formation of DNA-strand breaks in cells exposed to various concentrations of iron-8HQ during different lengths of time. Even low concentrations of iron-8HQ (2 (jM) caused significant DNA damage after 5 min (from 13.2 ± 2.2 to 18.6 ± 1.7%, P < 0.05). This DNA-damage was found to increase with time, and after 30 min exposure to 2 (iM iron-8HQ the amount of DNA that could be collected in the filtrate had increased to 47.5 ± 4.4%. Table HI shows DNA breakage in cells exposed for 15 min to 0.1-2 |iM iron-8HQ. Significant DNA damage was found in cells exposed to as low as 0.1 nM iron-8HQ (from 29.5 ± 4.2 to 38.7 ± 6.2% DNA in filtrate, P <0.01). For comparison, the copper-8HQ that is used as a fungicide was also investigated, and was found to cause DNAstrand breakage. There was, however, about 25% less DNA damage in cells exposed for 15 min to 20 ^M copper-8HQ than in cells exposed to 20 ^M iron-8HQ (data not shown). Table I also shows the differences in cell growth after exposure to iron(in) citrate alone, chelators alone or a combination of iron and chelators. Exposure to iron(ni) citrate alone caused no inhibition, and exposure to 8HQ alone caused only a minor inhibition of cell growth. In contrast, exposure to iron-8HQ caused major inhibition; only 10 ± 1% of the number of cells in untreated controls were found after exposure to iron-8HQ. The growth after exposure to EDTA, NTA, iron-EDTA or iron-NTA was essentially the same as in controls. A longer exposure time (90 min) resulted in a similar effect on the cell growth as a 15 min exposure, i.e. the only agent that caused a reduced cell growth was iron-8HQ (Table II) . Table m illustrates that a decreased cell growth was found in cells after 15 min exposure to as little as 0.5 pM iron-8HQ (P < 0.01, versus control). In cells exposed to 0.1 (iM iron-8HQ, there was no decrease in cell growth yet significant DNA breakage was found (P < 0.01). This indicates that DNA breakage occurs at concentrations where no cell death is observed (Table HI) . Figure 2 shows the inhibition of cellular growth after exposure to various concentrations of iron-8HQ for different lengths of time. Exposure to as low as 2 (iM iron-8HQ for 5, 15 or 30 min resulted in 50 ± 2, 58 ± 2 and 73 ± 1% growth inhibition, respectively. Higher concentrations caused an even stronger effect and exposure to 20 |iM iron-8HQ for 5 min increased the inhibition to 97 ± 1%. Table I also shows the amount of malondialdehyde (MDA) in cells exposed to iron alone, different chelators alone or iron 548 in combination with different chelators. As compared to unexposed control cells, there was slightly increased MDA formation in cells exposed to iron(in) citrate and about two times more MDA in cells exposed to iron-EDTA or iron-NTA {P < 0.01). The greatest lipid peroxidation was found in cells exposed to iron-8HQ, in which the amount of MDA increased about four times {P < 0.01). There was a good correlation {r = 0.90) between the intracellular iron content after exposure and the formation of MDA. No decrease in total cellular thiol content was found (Table I) .
Inhibition of cell growth
Lipid peroxidation and thiol content
Formation of 8-hydroxydeoxyguanosine
In order to study the ability of iron and different iron chelates to catalyse the formation of hydroxyl radicals (that may cause DNA damage) from hydrogen peroxide, iron, chelators and iron-chelator complexes were incubated with calf thymus DNA in the presence of xanthine and xanthine oxidase. After incubation, the amount of 8OHdG in DNA was analysed (if generated, hydroxyl radicals will react with deoxyguanosine residues with the formation of 8OHdG). The formation of 8OHdG during 60 min of incubation is shown in Table IV . Iron(IIT) citrate alone and iron-8HQ caused minor formation of 8OHdG, whereas iron-EDTA and iron-NTA caused a greater formation (P < 0.05). This indicates that iron-EDTA and iron-NTA are more effecient than iron-8HQ in catalysing the formation of hydroxyl radicals that hydroxylate deoxyguanosine residues in DNA. This was confirmed in other experiments where deoxyguanosine (1 mM in PBS) was used instead of calf thymus DNA as a trapping agent for hydroxyl radicals (data not shown).
Discussion
In the present investigation, cells were subjected to iron in combination with different iron chelates and the cellular iron content after incubation was determined. The results obtained show that the highest iron concentration was found in cells treated with iron-8HQ and that exposure to this complex also led to substantial DNA-strand breakage and significant MDA formation. Iron is known to promote lipid peroxidation by increasing the formation of oxygen radicals, or by causing a fission of the oxygen-oxygen bonds in lipid hydroperoxides under the formation of alkoxy-or peroxy-radicals which then further accelerate the process (28) . The binding of iron to a chelator can either increase or decrease its ability to potentiate lipid peroxidation (28) . Both EDTA and NTA have previously been shown to increase the capacity of iron to promote lipid peroxidation; this was verified in the present study (Table I) . However, the highest lipid peroxidation was found in samples which had been treated with iron-8HQ ( Table I ). The lipophilic nature of iron-8HQ enables it to pass easily into the cell and to distribute fairly non-specifically and homogeneously in the cell (21) . It is therefore likely that the complex reacts not only with lipids in the plasma membrane but also with other lipids within the cell. An increased lipid peroxidation after treatment of human endothelial cells with iron-8HQ in vitro has been previously shown by Balla (23) .
As illustrated in Figure 2 , the iron-8HQ complex had a strong toxic effect and it also caused profound DNA-strand breakage (Table I, Figure 1 ). No such breakage was found after exposure to iron alone, chelators alone, iron-EDTA or iron-NTA (Table I) . Even low concentrations of the iron-8HQ complex (0.1 (iM) caused substantial DNA strand breakage (Table HI) . A possible explanation for the toxic effects of iron- 8HQ could be that the massive formation of DNA-strand breaks causes a depletion of cellular ATP after activation of the enzyme polyADP-ribose polymerase during the repair process (29) . Slighty decreased cell growth was also found in cells exposed to 8HQ alone. This goes in line with the findings that 8HQ causes a decreased proliferation in melanoma cells in vitro (30) . Iron is a controlling nutrient and essential for normal proliferation (31) and a possible explanation of the decreased cell growth might be that 8HQ binds the iron that the cell needs for its normal proliferation. Iron-NTA was earlier found to induce lipid peroxidation in rat hepatocytes (32) and DNA-strand breaks in isolated DNA (33) . Furthermore, iron-NTA has also been found to induce oxidative DNA damage, lipid peroxidation and nephrotoxicity in rat kidney (18) ; and lipid peroxidation, DNA strand breaks and sister chromatid exchanges in Chinese hamster cells (V79) (34) . In this study we found no increased incorporation of iron in cells treated with iron-NTA compared to cells treated with iron alone. This was probably due to the fact that the cells were exposed during a relatively short period of time. This might also explain why just a minor increase in lipid peroxidation and no formation of DNA-strand breaks were found (Table I)- The detailed mechanisms by which iron-8HQ causes DNAstrand breakage are not known. One possibility is that the complex binds to DNA where it induces site-specific breaks on the phosphodiester backbone of the DNA. It would then act as a chemical nuclease, i.e. a redox-active complex that binds to DNA and nicks the phosphodiester backbone by oxidatively degrading the deoxyribose moiety (35) . If this is so, then iron-8HQ would act similarly to the cytostatic drug, bleomycin (36) . Iron-bleomycin induced DNA-strand breaks are believed to be caused by bleomycin-ferryl species rather than hydroxyl radicals (38) and earlier work has demonstrated that iron-bleomycin causes little formation of 8OHdG in DNA (which is assumed to be caused by hydroxyl radicals), but considerable DNA-strand breakage (39) . In the present investigations, both iron-EDTA and iron-NTA caused a considerable hydroxylation of deoxyguanosine (dG) residues in DNA in vitro, whereas iron-citrate and iron-8HQ only caused a minor hydroxylation of dG (Table IV) . These results indicate that 8HQ-ferryl species rather than hydroxyl radicals might be the main reactive species that causes iron-8HQ mediated DNAstrand breakage. An alternative explanation might be that iron-8HQ induced damage to the membrane leads to disrupted calcium homeostasis, which triggers activation of endonucleases that cleave the DNA in a more apoptosis-like way. However, the formation of DNA-strand breaks was not affected by incubation in a calcium-free medium or by pretreatment with the intracellular calcium chelator BAPTA (data not shown). This favours the possibility that iron-8HQ acts like a chemical nuclease that binds to DNA where it can induce sitespecific oxidative damage.
8-Hydroxyquinoline has been found to be mutagenic (40) and to increase the formation of micronucleated polychromatic erythrocytes in mice (41) . No carcinogenic effect of 8HQ was found when it was tested in two rodent carcinogenicity studies (42, 43) . To our knowledge no carcinogenicity studies have been made on iron-8HQ. In the present study iron-8HQ was found to have strong toxic properties, and to cause substantial DNA-strand breakage and lipid peroxidation in living cells. This raises the question of whether there are other lipophilic siderophores that, similar to 8HQ, might be relatively harmless on their own but highly toxic and DNA-damaging in combination with iron. It can be hypothesized that such iron-complexes might cause severe DNA damage and possibly also increase the risk for genetic alterations and cancer development.
